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A B S T R A C T Linked DNA polymorphisms can be
used to study the evolution of structural gene muta-
tions. Both the 8S_(5(6 Glu-Val) and PC_.(86 GluLys) genes
are common in West Africa. We have analyzed their
linkage to a polymorphic Hpa 1 site appearing 3' to the
,3-globin gene locus in selected populations from West
Africa. A large reservoir of pA_genes linked to
13-kilobase Hpa 1 fragments with a frequency of 17-18%
has been identified. In addition, the ,s- and,pC-genes in
Togo are found to be tightly linked to the 13-kilobase
Hpa 1 fragment, whereas 72% of the ps-genes in the
Ivory Coast reside on the 7.6-kilobase Hpa 1 fragment.
These studies are consistent with the selection and
expansion of two different chromosomes bearing 8s-
genes in at least two physically close, but ethnically
separate regions of West Africa, with subsequent diffu-
sion to North, Equatorial, and East Africa.

INTRODUCTION

The sickle gene (,ps)l mutation is prevalent in areas of
the world where malaria has been endemic by provid-
ing a selective advantage for the heterozygote (1). It
is not known whether the point mutation responsible for
the 8s-gene arose once, and then diffused to other
regions, or whether it arose independently in diverse
regions under the same selective pressure. Additionally,
the hemoglobin C mutation (,C) is found commonly in
a more circumscribed region of West Africa. Evidence
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suggests that the 8c-gene mutation may not be in
equilibrium, and that the homozygote is more fit than
the heterozygote or normals (2). We report studies of a
polymorphic restriction endonuclease recognition site
associated with the 8-globin gene locus that suggest
that the ps-gene was selected for at least twice in West
Africa, whereas the Sc-gene was selected for once. The
data are compatible with the diffusion of two chromo-
somes bearing p8s-genes to other parts of the world.

Restriction endonuclease analysis of the human ,8-
globin gene and its neighboring regions has resulted
in a wealth of information concerning its normal fine
structure (3, 4) as well as the alterations responsible
for some of the hereditary disorders of hemoglobin
production (3-5). Recently, Kan and Dozy described
a restriction endonuclease polymorphism associated
with the /8-globin gene locus (6). The normal a-gene
(NA) in Caucasian Americans resides on a 7.6-kilobase
(kb) DNA fragment when analyzed by digestion with
the restriction endonuclease Hpa 1 and Southern
blotting (6, 7). In Black Americans, the ,s-gene is found
on a 7.6-kb fragment approximately one-third of the
time, whereas two-thirds of the 8s-genes are found on a
larger 13-kb fragment (5-7) (Fig. 1). The 3A-gene in
Black Americans is commonly on a 7.6-kb fragment,
though 3% (6) to 8-9% (7, 8) are found on a 13-kb frag-
ment. Because the ps-gene in the United States is
derived from diverse origins in Africa, the Hpa 1 poly-
morphism can be used to trace the origin and diffusion
of the sickle mutation. Observations of small numbers
of Africans suggest that 8s-13-kb Hpa 1 fragment
linkage is common in West Africa and rare in East
Africa (7, 9).
We have studied the linkage of the Hpa 1 polymor-

phism to the pA_, s-, and pc-genes in selected popula-
tions from West Africa. Togo was chosen as one study
population because evidence from mapping ofpc-gene
frequency clines suggests that the pc-gene arose in the
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independent mutations (9) and may be explained by
gene flow from West Africa.
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FIGURE 1 Hpa 1 analysis of f3globin genes. Channel 1
contains DNA from a Togolese SS patient. Only a 13-kb Hpa
1 fragment is found. Channels 2 and 3 contain DNA from
Togolese AA individuals. Sample 2 contains a 13-kb and a
7.6-kb Hpa 1 fragment, whereas sample 3 contains only a
7.6-kb Hpa 1 fragment. The scheme to the right represents
the Hpa 1 polymorphism. The arrows indicate the Hpa 1 recog-
nition sites surrounding the ,B-globin gene which is repre-
sented by rectangles (black, exon; white, intron).

region (2, 10), and because the Bs-gene frequency is
estimated to be as high as 16% (11). The ethnic groups
represented include the Kabye, Ewe, and Mina. The
Ivory Coast is a nearby region of West Africa peopled
by unrelated ethnic groups, but which also harbor the
,Bs-gene in high frequency (11). Ethnic groups rep-
resented include the Mande, Kru, Akan, and Voltaique.
The results indicate that, contrary to Kan and Dozy's

proposal (9), the Hpa 1-fls gene linkage is not
homogeneous in West Africa. Instead the results suggest
that two different chromosomes bearing the /s-gene
were selected for within the region. The appearance of
the (s-gene on the 7.6-kb Hpa 1 fragment in other parts
of Africa and the world does not require recurrent

METHODS

105 unrelated individuals were studied, 51 from Togo and 54
from the Ivory Coast. Analysis of the tribal origin of the
subjects' parents demonstrated that intertribal marriage was
limited.

Peripheral blood samples were obtained, with informed
consent, from the study population. Hemoglobin electro-
phoreses were performed to identify hemoglobin type.
Leukocytes pellets were prepared and digested with Proteinase
K in the presence of0.5% sodium dodecyl sulfate as previously
described (6). The samples were extracted with phenol-cresol
several times and the DNA precipitated with ethanol. 15 ,ug of
DNA was subjected to complete digestion by Hpa 1 according
to manufacturer's recommendations (New England Biolabs,
Beverly, Mass.) followed by electrophoresis in 0.9% agarose
and Southern blotting (12). The nitrocellulose filters were
hybridized to a 32P-labeled plasmid containing a 4.4-kb insert
ofhuman DNA including the complete ,-globin gene (kindly
provided by Dr. Arthur Bank) and analyzed, following
autoradiography, for the Hpa l-,8-globin gene arrangement as
previously described (6, 7) (Fig. 1).

RESULTS

The Togolese population consisted of 20 normals
(AA), 3 homozygotes for hemoglobin C (CC), 2 homo-
zygotes for hemoglobin S (SS), 7 double heterozygotes
for hemoglobin S-hemoglobin C (SC), 12 hemoglobin
S heterozygotes (AS), 6 hemoglobin C heterozygotes
(AC), and 1 hemoglobin S/hemoglobin Lepore double
heterozygote (Table I). 7 of 41 l3A_genes with certain
assignment (40 ,3A_genes from normals and 1 I3A-gene
from an AC heterozygote with a 13/13 genotype), or
17%, were carried on 13-kb Hpa 1 fragments. The
rest were carried on 7.6-kb Hpa 1 fragments. All 12
assignable ,8s-genes (4 ,fs-genes from SS homozygotes,
7 from SC double heterozygotes, and 1 from the S/

TABLE I
Hpa I Genotypes-Togo

#8* M8 K

Hemo-
globin No. 7.6/7.6 13/13 13/7.6 13 7.6 13 7.6 13 7.6

AA 20 14 0 6 6 34
SS 2 0 2 0 4
CC 3 0 3 0 6
SC 7 0 7 0 7 7
AS 12 0 0 12
AC 5 0 1 4 1 1
S Lepore 1 0 1 0 1

17%-13 100%-13 100%-13

* The columns beneath the headings f3A, s, and K3' contain the assignment of the globin
genes to either a 13-kb or 7.6-kb Hpa 1 fragment. Thus, 7/41 PA-genes, or 17%, reside on
13-kb Hpa 1 fragments, whereas 12/12 ,Bsgenes and 14/14 13c-genes, or 100%, reside on 13-kb
Hpa 1 fragments.
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TABLE II
Hpa 1 Genotypes-Ivory Coast

pA* PS PC
Hemo-
globin No. 7.6/7.6 13/13 13/7.6 13 7.6 13 7.6 13 7.6

AA 31 23 1 7 9 53
SS 13 8 1 4 6 20
S Thal 1 0 1 0 1 1
SC 3 0 0 3
AS 3 1 1 1 1 1 1 1
AC 3 0 1 2 1 1

18%-13 28%-13 (100%-13)

* The columns beneath the headings 13A, ,35, and 8c contain the assignment of the globin
genes to either a 13-kb or 7.6-kb Hpa 1 fragment. Thus, 12/66 A genes, or 18%, reside on 13-
kb Hpa 1 fragments, whereas 8/29 P3S genes, or 28%, reside on 13-kb Hpa 1 fragments. Only
one BC-gene is assignable; its 100% linkage to a 13-kb Hpa 1 fragment is in parentheses.

Lepore double heterozyote) were carried on 13-kb
Hpa 1 fragments as were all 14 assignable,C-genes
(6 from CC homozygotes, 7 from SC double hetero-
zygotes, and 1 from an AC heterozygote with a 13/13
genotype). Additionally, the S/Lepore double hetero-
zygote has a 13/13 genotype, thus assigning the Lepore
gene to a 13-kb Hpa 1 fragment. The other 1A_, ,S_
and PC-genes could not be assigned with assurance
to a Hpa 1 fragment.
The Ivory Coast group consisted of31 normals, 13 SS

homozygotes, 1 sickle-,8-thalassemia double heterozygote
(S/Thal), 3 double SC heterozygotes, 3 AS heterozygotes,
and 3 AC heterozygotes (Table II). 12 of 66 ,A_genes
(62 from normals, 1 AC and 1 AS each with a 13/13
genotype, 1 AS with a 7.6/7.6 genotype, and 1 S/Thal
with a 13/13 genotype), or 18%, were linked to the 13-kb
Hpa 1 fragment, a result similar to the Togolese 3A_
gene. By contrast, 21 of 29 assignable Ss-genes (26
from SS homozygotes, 1 from an S/Thal with a 13/13
genotype, and 2 from AS heterozygotes with either
a 13/13 or 7.6/7.6 genotype), or 72%, were carried on
a 7.6-kb Hpa 1 fragment. Only one pc-gene could be
assigned with certainty and that was to a 13-kb Hpa 1
fragment.

DISCUSSION

The results demonstrate that the 13-kb Hpa 1 fragment
is common in normal subjects from ethnically diverse
regions of West Africa with an incidence appreciably
higher than that found in the United States (17-18%
vs. 3-8%). The lower frequency in Black Americans
cannot be explained by admixture with Caucasian
genes because the estimate of 22% Caucasian ancestry
in Black Americans (13) results in a corrected incidence
of only 10- 12% at the upper limit. However, the lower
incidence in the United States may, at least in part,

reflect the diverse geographical and ethnic origins of
the slave trade.
The common occurrence of the 13-kb Hpa 1 frag-

ment among normal subjects in West Africa suggests
that this DNA alteration is nondeleterious, and that
the mutation occurred in an ancient population pro-
viding a common ancestry to the presently diverse
ethnic groups studied.
By contrast, the f3s-Hpa 1 linkage is not homogeneous

in West Africa, as previously suggested by Kan and
Dozy (9) (Fig. 2). In Togo, the fs-gene is tightly linked
to the 13-kb Hpa 1 fragment with an incidence ap-
proaching 100% (<1/11), whereas in the Ivory Coast
-72% of the (3s-genes are found on 7.6-kb Hpa 1 frag-
ments. Our results suggest that at least two separate
chromosomes, one bearing aAs-gene-7.6-kb Hpa 1 frag-
ment, and one bearing a fs-gene-13-kb Hpa 1 frag-
ment, were selected for and expanded in ethnically
diverse regions within West Africa. Two alternative
mechanisms may explain the data.

(a) The f38-gene mutation may have occurred more
than once within West Africa, arising at least once on a
13-kb Hpa 1 fragment and at least once on a 7.6-kb Hpa
1 fragment. Under the same selective pressure, two or
more sickle mutations were amplified.

(b) Recombination between the sites of the /3s-gene
mutation and the Hpa 1 polymorphism would require
the appearance of only one As-gene mutation. However,
studies of the 13-kb Hpa 1 fragment in various popula-
tions support the hypothesis that recombination is un-
likely to explain the results (14). For example, in Togo,
the ,3c-gene has been found to reside on the 13-kb Hpa 1
fragment in all cases, with a frequency, therefore, of at
least 93%. Also, in North Africa the pls-gene is found
on the 13-kb Hpa 1 fragment in all cases studied with
a frequency of at least 98% (15). In addition, we and
others (9) have not observed any crossover events in
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FIGURE 2 Map of Africa with distribution of the Hpa 1-,f-
globin gene polymorphism. Hatched region represents areas
presently inhabited by non-Bantu-speaking Negroid people,
whereas the shaded region represents the present extent of
Bantu-speaking people (18). Results from Togo include
tight linkage of the ,&3-gene (S) to the 13-kb Hpa 1 fragment,
and a 17% frequency of the t3A_gene (A) residing on the 13-
kb Hpa 1 fragment. Ivory Coast data include a similar fre-
quency 18% for the A gene, whereas the S gene is found
on a 7.6-kb Hpa 1 fragment 72% of the time. We have pre-
viously reported data for North Africa (underlined) (15), and
Kan and Dozy have reported results for Gabon, Kenya, Saudi
Arabia, and Sicily (9).

family studies. Finally, if recombination occurred
between a fls-7.6-kb Hpa 1 fragment and a pA_13-kb
Hpa 1 fragment one should expect the expansion of
both genes, as no evidence exists of a differential
value for selection (6, 7). The tight linkage, in Togo, of
the /35-gene to the 13-kb Hpa 1 fragment therefore
argues against recombination.
For these reasons, we favor the first explanation,

although formal proof will require the identification of
other polymorphisms lying between the sickle muta-
tion and the Hpa 1 polymorphic site. Such poly-
morphisms are being sought but have not yet been
identified.
Other polymorphisms in linkage disequilibrium with

the /Bs-gene have been described (16). However, the
Hind III polymorphisms located in the large introns
of the Gy- and Ay_genes lie -22 kb 5' to the 3-gene
locus at a minimum. Analysis of these polymorphisms
vill not strengthen the argument for or against inde-

pendent mutations vs. recombination, because they
occur at a distance from the locus of interest, and
since chromosomes bearing the f3s-gene-7.6-kb Hpa 1
fragment have been shown to possess several different
Hind III polymorphism patterns (16). Because the
available evidence supports a low incidence of recom-
bination, the linkage heterogeneity in the Ivory Coast
may reflect the appearance of the independent 8s-gene
mutation on a 7.6-kb Hpa 1 bearing chromosome as
well as the more recent diffusion of the f3s-gene-
13-kb Hpa 1 chromosome from the Togo-Upper
Volta region.

Interestingly, a patient with hemoglobin Lepore
(17) was studied, and the Lepore gene was found to
reside on a 13-kb Hpa 1 fragment, which is expected,
if the crossover involved a f3-globin gene on a 13-kb
Hpa 1 fragment. One patient with hemoglobin Lepore
has been studied by Kan and Dozy (6) and found
to possess a 7.3-kb Hpa 1 fragment. Theoretically, our
patient should possess a 12.7-kb fragment rather than
the observed 13-kb fragment, but agarose gel electro-
phoresis cannot discriminate between these size frag-
ments. Since the fragment is not appreciably shortened,
the fusion gene does not contain the Hpa 1 site found
within the large intron of the normal 8-gene demon-
strating that in this individual the crossover point is 5'
to the site. This patient provides an opportunity for
studying the diffusion of a Lepore mutation to other
regions.
Diffusion of the P3s gene from West Africa, while

under selective pressure from malaria, may not be
accompanied by the pA_13-kb Hpa 1 chromosome,
assuming the 13-kb Hpa 1 genotype per se does not
provide a selective advantage. We have previously
demonstrated that the fs-gene found in North African
Arab countries is found tightly linked to the 13-kb Hpa
1 fragment, whereas the P3A-gene is tightly linked to the
7.6-kb Hpa 1 fragment (15). The evidence suggests
that the North African (3s-gene diffused from the Togo-
Upper Volta region rather than from the Middle East
where the Ps3-gene is commonly found on the 7.6-kb
Hpa 1 fragment (8) (Fig. 2).
Anthropologic data, including studies of language

structure, suggest that the Bantu-speaking peoples of
Equatorial and East Africa may be derived from an
ancient West African group, most likely located in
margins of the Benue River Valley, which is in eastern
Nigeria near the border with Cameroun (18). A small
number of samples from Gabon and Kenya (inhabited
by Bantu-speaking people) demonstrate the linkage of
the /s3-gene to the 7.6-kb Hpa 1 fragment (9) (Fig. 2).
It would be of interest to study individuals from
the Benue Valley and the prediction would be, if the
linguistic analysis is correct, that this region contains
individuals with the pS-gene-7.6-kb Hpa 1 fragment.
The problem is what connection exists, if any, between
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the originators of the great Bantu migration and the
presence of the 8s-gene-7.6-kb Hpa 1 fragment in the
Ivory Coast. Only further data can resolve this question.
The presence of the 8s-gene-7.6-kb Hpa 1 fragment in
Arabia and India is compatible with the well-known
commercial and slave trade routes between East
Africa and the Arabian peninsula and the Indian sub-
continent.
The Hpa 1 polymorphism can be employed in pre-

natal diagnosis of sickle-cell anemia in selected popula-
tions (16, 19). The tight 8s-13-kb Hpa 1 linkage is
exploitable in North Africa because the p8A-gene is
tightly linked to the 7.6-kb Hpa 1 fragment (15). This
is not true for Togo, where the I3A-gene is commonly
found on the 13-kb Hpa 1 fragment. Thus, this observa-
tion, and the heterogeneous distribution of the ,s- and
pBA_gene linkage in the Ivory Coast, make prenatal
diagnosis solely by Hpa 1 analysis for people derived
from these regions unreliable. Studies of other linked
polymorphisms may provide in the future better gene
assignment, thus making prenatal diagnosis by fetal
DNA analysis widely applicable.
These studies demonstrate that restriction endo-

nuclease analysis of linked DNA polymorphisms is a
powerful tool for the study of the origin and evolution
of a structural gene mutation. The increasing avail-
ability of probes for other human structural genes
will provide means to study linked DNA poly-
morphisms for a widening variety of genetic dis-
orders. Additionally, this approach may provide an
avenue both for the prenatal diagnosis of other genetic
disorders, and for studies directed to the under-
standing of the wide clinical variability often asso-
ciated with an apparently single structural gene
mutation.
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